A low-protein diet combined with low-dose endotoxin leads to changes in glucose homeostasis in weanling rats. Am J Physiol Endocrinol Metab 309: E466 -E473, 2015. First published July 7, 2015; doi:10.1152/ajpendo.00090.2015.-Severe malnutrition is a leading cause of global childhood mortality, and infection and hypoglycemia or hyperglycemia are commonly present. The etiology behind the changes in glucose homeostasis is poorly understood. Here, we generated an animal model of severe malnutrition with and without low-grade inflammation to investigate the effects on glucose homeostasis. Immediately after weaning, rats were fed diets containing 5 [low-protein diet (LP)] or 20% protein [control diet (CTRL)], with or without repeated low-dose intraperitoneal lipopolysaccharide (LPS; 2 mg/kg), to mimic inflammation resulting from infections. After 4 wk on the diets, hyperglycemic clamps or euglycemic hyperinsulinemic clamps were performed with infusion of [U-
and hyperglycemia, and oxidative stress (18, 22, 28, 30) . Treatment of these children is often challenging, with high inpatient mortality rates (5, 20, 29) .
The disturbances in metabolic homeostasis are poorly understood. There are indications that severe malnutrition can lead to impaired glucose tolerance (7) . We and others have shown that the impairment in glucose tolerance is in part related to altered pancreatic ␤-cell function in severely malnourished children (14, 21, 39) . There is a paucity of data available on alterations in insulin sensitivity and hepatic glucose metabolism in early postnatal malnutrition. Two studies have reported some indirect evidence of insulin resistance in children and adults with severe malnutrition (3, 37) . However, our data based on oral glucose tolerance tests suggested that the whole body insulin sensitivity might not be impaired in severely malnourished children (39) . Limited data have suggested improved insulin sensitivity in a low-protein diet-induced rodent model of malnutrition (35, 38) .
Many children with severe malnutrition suffer from comorbidities, with one of the most important being infections. Infections in malnourished children are often associated with subtle clinical signs such as persistent low-grade fevers, mild chronic cough, or diarrhea but are associated with undesirable clinical outcomes and a high fatality rate (2, 6, 29) . This association was illustrated by a recent randomized clinical trial showing that in presumed uncomplicated children with severe malnutrition, survival was improved significantly by treatment with antibiotic therapy (44) .
Infections in severely malnourished children are associated with oxidative stress (18, 30) . Infections and oxidative stress have been found to affect pancreatic ␤-cell function and insulin sensitivity (36, 47, 50) . There are currently no data on the effects of low-grade infections on glucose homeostasis in malnutrition. The current study was designed to evaluate the effect of a low-protein diet immediately after weaning as a model of early postnatal malnutrition on insulin secretion and insulin action, the main regulators of glucose homeostasis. We further evaluated the role of repeated low-dose LPS administration as a model of a chronic low-grade infection on the metabolic disturbances in malnourished rats.
MATERIALS AND METHODS

Animals and diet.
Pregnant Wistar rats were placed on regular chow. The offspring were kept with the mother until day 21, after which they were separated into two different diet groups: 1) a semisynthetic 5% protein [low-protein (LP)] diet and 2) a semisyn-thetic control (CTRL; 20% protein) diet (Harlan, Madison, WI). The protein in the LP diet was replaced by starch, whereas all other components were kept constant. Since in preliminary studies LP-fed animals had reduced food intake (30% less than animals on the CTRL diet), the rats of the CTRL group were pair-fed the same amount as the rats on the LP diet. To exclude metabolic effects of a limited reduction in food intake, we initially added an additional control group of animals fed a regular chow diet ad libitum (CTRL ad libitum). The exact diet composition is provided in Table 1 . Animals were kept on the diet for 4 wk. Two weeks into the diet, subgroups of rats on the CTRL and LP diets received an intraperitoneal injection of lipopolysaccharide (2 mg/kg, L2630; Sigma-Aldrich, St. Louis, MO) twice/wk (every 3-4 days). Rats were closely monitored for signs of illness, and weight was measured twice/wk.
Surgeries. Between days 21 and 23, a Micro-Renathane catheter was placed in the right jugular vein of the rats under general anesthesia. Rats were allowed 5-7 days to recover. Only rats that recovered uneventfully and lost Ͻ5% of their preoperative body weight were used for the clamp experiments.
Hyperglycemic clamp experiments. Rats were fasted overnight for 16 h, after which they received a bolus of a 37.5% glucose solution (750 mg/kg) through the right jugular vein. This was immediately followed by a continuous glucose infusion, which was started at 37.5 mg·kg Ϫ1 ·min Ϫ1 for 15 min and thereafter titrated to keep glucose concentrations at 17 mmol/l for a total duration of 90 min. Blood glucose measurements were performed by tail sampling every 5-10 min using a glucometer (One Touch Ultra 2; Lifescan, Milpitas, CA). Additional small blood samples were obtained at t ϭ 0, 2, 5, 10, 15, 30, 60, 80, and 90 min for measurement of insulin and C-peptide concentrations via enzyme-linked immunosorbent assays (Biovendor, Asheville, NC). After the clamp, animals were euthanized by a lethal dose of phenobarbital, after which blood and tissues were harvested. Six rats per group were used.
Euglycemic hyperinsulinemic clamp experiments. Animals were fasted overnight for 16 h, after which a baseline blood sample was taken from the tail. An infusion of [U-
13 C6]glucose and [2-13 C]glycerol was started through the right jugular vein at a rate of 60 and 400 mol·kg Ϫ1 ·h Ϫ1 , respectively, and continued for 2.5 h in awake and unrestrained animals for calculation of gluconeogenesis, glycogenolysis, and hepatic glucose production (sum of the two), as described previously (26) . Multiple blood samples were taken by tail sampling throughout the infusion period. Following the 2.5-h basal period, a euglycemic hyperinsulinemic clamp was performed. An infusion of insulin (220 mU·kg Ϫ1 ·h Ϫ1 ) and somatostatin (180 g·kg Ϫ1 ·h Ϫ1 ) was started, dissolved in a solution containing albumin (15 mg/ml), and maintained for 2.5 h based on our work (19, 26) and described by others (13 mmol/l. Glucose concentrations were measured every 10 -15 min using a glucometer (One Touch Ultra; Lifescan). All infusions were continued for 2.5 h. Multiple blood spot samples were taken for the last 60 min of the infusion period. A total of four to six rats per group were used.
Calculations. Procedures for extraction of glucose from blood spots, derivatization of the extracted glucose, and gas chromatography-mass sprectrometry (GC-MS) measurements of derivatives were all well established and performed as described previously (8, 45, 46) . The measured fractional distribution measured by GC-MS (M0 -M6) was corrected for natural abundance of 13 C by multiple linear regressions, as described by Lee et al. (27) to obtain the excess mole fraction of mass isotopomers due to incorporation of infused labeled compounds, i.e., [ 
Assessment of insulin secretion ex vivo. Pancreatic islets were isolated from overnight-fasted rats using the Ficoll/Histopaque method, as described previously (33) . The assessment of insulin secretion and islet insulin content has been described by Koulajian etal. (23) . Briefly, isolated islets of rats were preincubated for 1 h at 37°C in KRBH supplemented with 2.8 mmol/l glucose. Thereafter, five rat islets of approximately the same size were incubated in triplicate at 6.5 and 22 mmol/l glucose for 2 h at 37°C. Insulin concentration in the medium was analyzed with an ELISA kit (Merck, Darmstadt, Germany). Insulin concentration detection limits were between 0.5 and 100 ng/ml. The islets used for secretion were then subjected to acid ethanol extraction for measurement of insulin content. Islet reactive oxygen species (ROS) were measured using dihydrodichlorofluorescein diacetate (Life Technologies, Burlington, ON, Canada) followed by fluorescent microscopy (Olympus fluorescence BX51W1 microscope). The collected data were analyzed using the ImageMaster 3 software (43) .
Electron microscopy. Pancreas was harvested immediately following euthanasia and fixed in 2.5% glutaraldehyde for electron microscopy (EM). For EM, tissues were postfixed in OsO4 and embedded in Embed812 (SPI Supplies, West Chester, PA). Ultrathin sections were then prepared, mounted on grids, and stained with uranyl acetate and lead citrate. Images of ␤-cells from the islets were then captured with a charge-coupled device camera (AMT, Danvers, MA) and an electron microscope (JEM 1011; JEOL USA, Peabody, MA). At least 25 cells were examined from two animals from each group. The ratio of dark (more mature) to light granules was then determined from each cell for each group.
Statistical analysis. Values reported are means Ϯ SD except for the EM morphometrics, islet ROS data, which are reported as means Ϯ SE. Significance of metabolite and activity levels and fluxes was determined using two-way ANOVA with repeated measures where appropriate by SPSS Statistics package 21.0.0 (IBM SPSS, Armonk, NY). Differences were considered significant at P Ͻ 0.05.
RESULTS
Effect of LP diet and LPS on basic characteristics.
As expected, weanling animals fed an LP diet had drastically reduced body weight compared with CTRL diet pair-fed ani- Table 2 ). Interestingly, protein restriction led to a decrease in food intake, i.e., the generation a model of a spontaneous hypocaloric intake that, to a lesser extent, also affected the pair-fed control animals in terms of body growth. The caloric intake was 40 Ϯ 8, 39 Ϯ 2, and 63 Ϯ 12 kcal/day in the LP-fed, pair-fed CTRL, and ad libitum CTRL animals. The body weight of the CTRL and ad libitum group was 28% higher than the CTRL pair-fed diet group, and the difference between CTRL and other groups was even greater. Serum albumin concentration, a biochemical indicator of malnutrition, was severely reduced in LP-fed groups compared with CTRL pair-fed groups (average 26 vs. 39 g/l, P Ͻ 0.001). LPS administration was associated with reduced activity and food intake for ϳ48 h in both groups, although the effect appeared more pronounced in the LP-fed animals. There was no effect of LPS on serum albumin concentrations. Glucose and insulin concentrations after a 16-h fast were not significantly different (Table 2) .
Insulin secretion assessed in response to a hyperglycemic clamp. The results of the hyperglycemic clamp are shown in Fig. 1 . The glucose concentration curves are shown in Fig. 1A . There was a lower glucose concentration after LP feeding compared with CTRL feeding (P Ͻ 0.01) during the first 15 min of the clamp, when all animals received a similar glucose infusion rate per body weight. Glucose concentrations at steady state, i.e., during the last 20 min of the clamp, were similar in all groups. The average glucose infusion rate (G inf ) of the last 20 min of the clamp was decreased 16% by the LP diet compared with the CTRL diet (P Ͻ 0.05) and by LPS administration with 20.5% reduction in CTRL group and 33.1% in the LP diet group, consistent with reduced glucose clearance (Fig. 1B) . The acute insulin secretory response during the first 15 min of the hyperglycemic clamp was blunted (P Ͻ 0.005) by LP feeding compared with CTRL feeding without an effect of LPS administration (Fig. 1C) . Similarly, there was a lower steady-state insulin concentration in the LP-fed groups compared with CTRL fed animals (P Ͻ 0.005; Fig. 1C) . Similarly, there was a significantly lower steady-state insulin concentration in the LP-fed groups (2.3 Ϯ 0.5 ng/ml) compared with CTRL pair-fed animals (3.9 Ϯ 0.7 ng/ml) (P Ͻ 0.005) (Fig.  1C) . There was no effect of LPS administration on insulin secretion. Results were similar, albeit less pronounced, for C-peptide concentrations (Fig. 1D) . C-peptide concentrations in LP-fed animals were lower compared with CTRL-fed animals during the first 15 min of the clamp (P Ͻ 0.05). C-peptide concentrations during steady state were also lower in LP-fed animals (P Ͻ 0.05) without an effect of LPS. There was no effect of CTRL ad libitum feeding compared with CTRL pair-feeding for any of the parameters tested.
Glucose-stimulated insulin secretion and islet insulin content in isolated islets. Figure 2 shows the insulin response in isolated islets from rats in four different groups. Although the islet insulin content appeared to be lower after LP feeding, it did not reach statistical significance (P ϭ 0.08; Fig. 2A ). At 6.5 mmol/l glucose, there was an 84.1% reduction in insulin secretion after LP feeding, with no effect of LPS administration (P Ͻ 0.001; Fig. 2B ). At 22 mmol/l glucose, insulin secretion was reduced by LP feeding by 50.5%, with a trend for even more reduced secretion after LPS administration (P Ͻ 0.005; Fig. 2B ). Pancreatic ␤-cells have low antioxidant defences and are susceptible to decreased function induced by ROS, and therefore, we determined the effect of LP feeding and LPS on ROS production. There was no significant effect of LP feeding or LPS on ROS concentrations (P ϭ 0.1; Fig. 2C) .
Electron microscopy. Light microscopy with insulin staining did not reveal major differences related to diet. In particular, there was no difference in the relative surface area of the islets to pancreas (data not shown). There was a lower dark/light granule ratio (index of granule maturity) in the LP-fed groups compared with the CTRL groups (Fig. 3) . Administration of low-dose LPS did not have any effect on this ratio in either group of animals.
Whole body insulin sensitivity, gluconeogenesis, and glycogenolysis. To evaluate glucose metabolism and insulin sensitivity, we performed stable isotope experiments during the basal state and during a euglycemic hyperinsulinemic clamp. We evaluated the M6 enrichments to evaluate whether we had achieved an isotopic steady state. M6 enrichments were similar with 15.2 and 15.7% at 30 min before and at the end of the basal period, respectively. For the clamp period, enrichments were clearly at isotopic steady state with 18.9 and 19.0% at 30 min before and at the end of the clamp period, respectively. G inf and glucose concentrations were similar during the last 15 min of the clamp, which could suggest that animals reached a metabolic steady state. Insulin concentrations were 9.8 Ϯ 0.2 and 10.1 Ϯ 0.3 ng/ml in the LP-fed and control animals, respectively. Free fatty acid concentrations were 0.20 Ϯ 0.05 and 0.19 Ϯ 0.13 mmol/l in the LP-fed and control animals, respectively. G inf (i.e., whole body insulin sensitivity) during the euglycemic clamp were higher in the LP groups (1.60 Ϯ 0.12 mmol·kg Ϫ1 ·min Ϫ1 ) compared with the CTRL groups (0.95 Ϯ 0.05 mmol·kg Ϫ1 ·min Ϫ1 ) (P Ͻ 0.001) (Fig. 4A ). G inf rates were unaffected by LPS administration. Basal rate of disappearance of glucose, which is equal to rate of appearance, i.e., endogenous glucose production (RdGlc), was similar in all groups (Fig. 4B) . However, during the clamp period, RdGlc was elevated in LP-fed animals (2.0 Ϯ 0.13 mmol·kg Ϫ1 ·min Ϫ1 ) compared with control animals (1.2 Ϯ 0.06 mmol·kg Ϫ1 ·min Ϫ1 ) (P Ͻ 0.001), indicating enhanced peripheral insulin sensitivity. Basal gluconeogenesis rates were similar in the different groups, and hepatic gluconeogenesis was inhibited during the clamp to a similar degree in all groups (Fig. 4C) . However, basal hepatic glycogenolysis rates were borderline higher in LP-fed animals (209.6 Ϯ 16.9 mol·kg Ϫ1 ·min Ϫ1 ) vs. control Fig. 4D ). There was no effect of LPS administration on glycogenolysis rates.
DISCUSSION
Despite the consensus that severe malnutrition is still a widespread condition that is associated with a high mortality rate, few studies have focused on understanding the pathophysiological mechanisms that lead to disordered metabolic homeostasis in this condition. In the current project, we focused on studying hepatic and peripheral glucose metabolism and pancreatic islet function and morphology in a novel in vivo rat model of early postnatal severe malnutrition with or without chronic low-grade inflammation.
As expected, the low-protein dietary intervention led to a loss of growth, which has been reported previously (16, 42) . This is consistent with what is seen in children with severe malnutrition, which is defined by a weight-for-height z-score of less than Ϫ3 (49). The main results indicate that 1) there is decreased responsiveness of pancreatic ␤-cells that is related to decreased basal and glucose-stimulated insulin secretion, with relatively preserved islet insulin content after LP feeding; and 2) severe malnutrition is associated with enhanced peripheral insulin sensitivity, appropriately suppressed hepatic gluconeogenesis but increased hepatic glycogenolysis, as evidenced during the euglycemic hyperinsulinemic clamp.
There have been a number of clinical reports indicating changes in pancreatic ␤-cell function in malnourished patients (14, 21, 39) . Pancreatic function in these children was generally assessed using oral glucose tolerance tests. However, we recently reported severely impaired glucose absorption in malnourished children (9) . Decreased absorption of glucose would ultimately also influence insulin secretion, making the use of an oral glucose tolerance test less reliable in malnourished children. There are also animal studies focusing on pancreatic ␤-cell function during malnutrition. Although some data have indicated a normal insulin response after a low-protein diet (16) , most in vivo studies using oral or intravenous glucose tolerance tests (32, 35, 42) and isolated pancreatic islet (17, 38) data have shown decreased pancreatic ␤-cell response. In this study, we provide further in vivo and in vitro evidence for a decrease in pancreatic ␤-cell insulin secretion by using the gold standard for assessing pancreatic function, i.e., the hyperglycemic clamp technique.
Our data indicate that the reduced insulin secretory response is not related to a significant lack of insulin, as islet density and insulin content were not significantly reduced in the LP-fed animals. Our electron microscopy did reveal an increased presence of pale islet granules, probably representing an immature population of progranules (34) . This is consistent with data obtained from postmortem-acquired pancreatic tissue of severely malnourished children (12) . Only a handful of studies have been published that examined the pathophysiological mechanisms responsible for pancreatic ␤-cell failure in malnutrition. Reduced insulin secretion in protein-malnourished mice might be related to alterations in the stimulus-secretion coupling of pancreatic ␤-cells, including more hyperpolarized membrane potential attributed to higher activity of ATP-sensitive potassium ion channels, thereby leading to reduced Ca 2ϩ influx and an inhibition of insulin release (38) . Limited animal data also suggested changes in the cAMP/protein kinase A regulation of the insulin secretion pathway (17) and possibly changes in insulin receptor and insulin receptor substrate activity (35) .
In this study, we did observe an additional effect of LPS in the LP-fed group on glucose clearance during the hyperglycemic clamp. However, we could not detect a statistically significant effect of LPS on insulin secretion. LPS has been shown to rapidly decrease insulin secretion in isolated islets ex vivo (48) . More recent data generated evidence that the effect of LPS is mediated through Toll-like receptor 4 (4). In addition, we and others have shown that impaired insulin secretion can be mediated through oxidative stress (24, 25, 33, 50) . Pancreatic ␤-cells are relatively vulnerable to oxidative stress due to their relatively low free radical detoxifying and redox-regulating enzymes (31) . Impairment of pancreatic ␤-cell function is ameliorated or prevented by antioxidant therapy in animal models (33) and in humans (51) . In children, severe malnutrition is associated with oxidative stress (18, 30) . However, although there was a trend for increased islet ROS levels especially in the LP group with LPS, we could not find a significant effect of either LP feeding or LPS. Although the Fig. 2 . Effect of LP diet and LPS on islet insulin content (A) and insulin secretory response (B) to glucose and islet reactive oxygen species (ROS) levels (C); n ϭ 6/group. Open bars, CTRL diet; black bars, CTRL ϩ LPS; dark gray bars, LP diet; hatched bars, LP diet ϩ LPS. *P Ͻ 0.001, LP vs. CTRL; †P Ͻ 0.005, LP vs. CTRL using a 2-way ANOVA. In C, data are expressed as %saline Ϯ SE. dose of LPS used in this study did affect glucose clearance, it is likely that the dose was not sufficiently high to strongly affect insulin secretion. The dose we used for this study was aimed at trying to mimick a low-grade chronic inflammation that is often clinically observed in malnourished children, e.g., related to tuberculosis, chronic intestinal infection. We intentionally did not want to create an overwhelming condition of sepsis that would also potentially mask any metabolic effects caused by malnutrition. It would have been interesting to evaluate different doses of LPS, but unfortunately, this was not feasible due to the labor-intensive property of the clamp procedures. Whole body insulin sensitivity was found to be higher in LP-fed rats compared with regularly fed rats. Our study is the first to study insulin sensitivity using the gold standard, i.e., the euglycemic hyperinsulinemic clamp technique in malnutrition. Reis et al. (35) found normal glucose response during a glucose tolerance test despite decreased insulin response in malnourished rats, suggesting enhanced insulin action. Other animal and human studies using glucose tolerance tests also found some evidence for enhanced insulin sensitivity in malnutrition (3, 16, 39) . The increased insulin sensitivity may be due to lower body weight and fat mass and/or may be adaptive to low insulin secretion. Intriguingly, repeated low-dose LPS administration had no effect on insulin sensitivity in our experiments. Sepsis and administration of LPS have been shown to induce insulin resistance both in animal studies as well as in human subjects (1, 47) .
In this study, we did find evidence for some degree of hepatic insulin resistance. Although gluconeogenesis was similarly suppressed during the euglycemic clamp in both control and LP-fed rats, we observed increased rates of glycogenolysis during the euglycemic clamp in the LP-fed rats. As far as we know, no studies that have specifically addressed the regulation of hepatic glycogenolysis in childhood malnutrition exist. In conditions of insulin resistance, glycogenolysis and gluconeogenesis are usually suppressed to a similar extent (10) . Although we are unable to confirm this, we cannot exlude that differences in corticosterone or catecholamines levels contributed to the different glycogenolysis rates between the groups.
There are several limitations to this study. First, our sample size was relatively small. It could be that the study was underpowered to detect between-group changes in islet insulin concentration and basal glycogenolysis. However, these values were physiologically close to each other anyway, so they likely would not have affected our main conclusions. In addition, although dietary calorie intake was similar among the animals, weight changes among the groups increased over time, leading to a higher caloric intake in the LP-fed animals when expressed per kilogram body weight. All kinetic analyses were expressed per kilogram body weight. If expressed per lean body weight, it could have influenced values for glucose infusion rates. However, we felt that, at least when related to hepatic glucose metabolism, expression per total body weight was acceptable, as liver weight per body weight was similar in all groups. Unfortunately, we did not have the possibility to determine body composition in our animals. Furthermore, the insulin dose used in the euglycemic hyperinsulinemic clamp study was relatively modest. A higher or loading dose of insulin would have likely led to a suppression of hepatic glycogenolysis in the control group but could have prevented us from finding a difference in glycogenolysis between the low-protein and control groups. The absence of an insulin-loading dose could very well have prevented us from reaching a complete metabolic steady state, which would affect glucose clearance rates and possibly serum FFA concentrations. However, we are confident that this would not have affected our conclusion on the difference found between the groups. We tried extensively to insert cannulas into carotid arteries, which would allow serial sampling of larger volumes for analysis of insulin concentrations to better determine whether a steady state was reached. We were able to insert them successfully, but we found that for the small malnourished animals we had to use such small diameter cannulas that it was not feasible to withdraw blood from them without clotting the lines. Tail sampling is more stressful for rats, especially if one needs to collect larger volumes of blood and manipulate the tail longer. For ethical reasons and because of the effect of stress on glucose homeostasis, we decided to take only small bloodspot samples for glucose and enrichment measurements and have one final blood draw at the time of euthanasia, which showed similar insulin concentrations in control and LP-fed animals.
In conclusion, our study shows that reduced insulin secretory response during severe malnutrition is compensated at least in part by increased peripheral insulin sensitivity. In addition, low-protein diet-induced malnutrition leads to an enhanced rate of glycogenolysis. The results of this study might explain the pathophysiology of hyperglycemia in children with severe malnutrition. Improving glucose tolerance in sick, severely malnourished patients could potentially lead to a decrease in mortality. However, in low-resource settings, interventions with insulin might not be feasible and potentially high risk due to the increased insulin sensitivity of malnutrition. Since impaired ␤-cell function in the context of refeeding could lead to hyperglycemia, whereas sudden improvements in insulin release with enhanced insulin sensitivity during refeeding may cause hypoglycemia, further studies are also required in a refeeding model. These results provide insight into the metabolic disturbances occurring during early postnatal malnutrition in vivo and could have important consequences for treatment of severely malnourished children.
